INTRODUCTION
For over 68 years, the promise of atomic propellants has been pursued (Refs. 1 to 10).
Using atoms of boron, carbon, or hydrogen, maintained at cryogenic temperatures, very exciting advances in rocket propellants and airbreathing fuels can be created. Over the decades, many details of the physics of storing such propellants have been analyzed and experimentally determined. Current research is underway with a team from the USAF, NASA, DOE, university, industry, and small business partners (Ref. 2) . The extensive data that has been amassed over the last 68 years have shown increasing storage densities for atoms in solid cryogenic storage media, and that there may be future breakthroughs that allow the more routine use of atoms for fuels.
WHY ATOMIC PROPELLANTS?
In the future, rocket and airbreathing propulsion systems may be able to gain great benefits from the enormous power of atomic propellants.
A summary of atomic hydrogen rocket gross lift off weight (GLOW) is shown in Figure 1 (Ref. 3) . Using a 15-wt.% atomic hydrogen fuel, the gross lift off weight of the launch vehicle can be reduced by 50 percent over the National Launch System (NLS) using O2/H2
propellants.
The baseline rocket and payload weight for the comparison is an oxygen (Ref. 9) . Using the new image analyses, the total mass of solid hydrogen that was formed in each run was also measured.
Characterizing solid hydrogen particles is required before any practical propellant feed system can be created. Solid hydrogen particles were selected as a means of storing atomic propellants in future launch vehicles. When storing atoms of boron, carbon, hydrogen, or other atomic materials, a solid hydrogen particle is preferred. Very low temperature (T < 4 K) cryogenic particles have the ability to stabilize and prevent the atoms from recombining and controlling their lifetime.
The particles and the atoms must remain at this low temperature until the fuel is introduced into the engine combustion (or recombination) chamber.
EXPERIMENTAL SETUP
The experiments were conducted in the Figure 2 , the tank was mounted above the dewar. To control the hydrogen flow, a precision flow valve was used, and a video camera recorded the particle formation. All of the flow control for the liquid hydrogen, liquid and gaseous helium, and nitrogen purge gases was provided by the SMIRF systems.
The field of view (FOV) of the camera versus the distance from the dewar lid was computed. Figure 3 compares the camera field of view with the dewar diameter. Once the liquid helium's free surface is at x/L = .43 (315.9 mm, or 12.0 in., with L = 711.2 mm (28 in.)), the liquid's entire surface is in the FOV. For runs 1, 2, and 3, the helium liquid level was maintained at nearly 559 mm (22 in.) from the dewar lid. This location was chosen based on the knowledge of the field of view of the camera.
During runs 4 to 7, the liquid level was typically at 406.4 mm (16 in.) below the lid. This height was chosen to see the particles with higher magnification, and to see if there were any specific phenomena that were not seen in the wider angle view. In the first step of the hydrogen freezing process, the liquid hydrogen temperature was lowered to 14 to 16 K. This process allowed the hydrogen to be at a very low temperature, near its freezing point. Comparisons of the heat capacity of helium and the heats of liquefaction and fusion (solidification) of hydrogen led to the selection of conditioning the hydrogen to a very low temperature before releasing it onto the helium surface. Otherwise a large amount of helium would have been used to condense the gaseous hydrogen, liquefy it, and then finally freeze the hydrogen into solid particles. Large clouds of vapor that are created during higher speed hydrogen freezing would have also obscured the formation process, and thwarted efforts to see the final particles.
As the liquid hydrogen fell toward the helium surface, it begins to freeze and particles form immediately after hitting the helium surface. Some of the hydrogen appears to freeze as it falls, but some vaporizes as well. The hydrogen was a jet of fluid, with the outer shear layer vaporizing, but the central core remaining liquid for a short time, and finally freezing during the drop, and as it hits the helium surface.
During the fall of the hydrogen onto the helium, some of the hydrogen went into the gas phase. Small clouds of hydrogen can be seen forming about the stream of hydrogen falling onto the free surface. Additional instrumentation will be needed to assess the total mass of hydrogen that is in the gas phase versus the solid particles. The temperature profiles of the dewar may shed light on the amount of gas formed, and a thermal and mass balance analysis can be conducted to more accurately measure the distribution of hydrogen gas and solid hydrogen in the dewar. A mass spectrometer can be used to determine the mass of hydrogen in the helium gas above the liquid helium.
Solid hydrogen is less dense than helium, so the hydrogen particles floated on the surface, simplifying the particle imaging.
In an operational propulsion system, this buoyancy property will be overcome by gelling the helium, thus allowing the hydrogen particles to be suspended in the helium. During the testing, it was noted that the frozen hydrogen particles may also serve as an effective gelling agent for liquid helium.
Many frames from the videotape of the experiment were captured and analyzed. 
SOLID HYDROGEN TESTING RESULTS
Three major measurements were conducted using the solid hydrogen images: particle sizes, compaction or expansion of the complete agglomerate, and the total mass of the solid hydrogen. Appendix A contains the tabular data on particle sizes. Appendix B contains the image data of the video observations. These data are the measurements of the particle and agglomeration sizes from the video observations.
All of the observations were done with a black and white video camera, with a 56 degree field of view (or a 28 degree half angle). The fighting of the helium surface was with a fiber optic lighting system. The helium free surface was not always completely illuminated, especially for Runs4 to 7. The indirect illumination of the reflected fight from the polished dewar surfaces allowed fight to illuminate the shadows surrounding the lit free surface.
Analysis Background
The images were taken with a 0.5 inch lens, charged coupled device (CCD) black and white camera.
The illumination in the Dewar was created with 150 Watt bulb with the light introduced into the dewar with an optical fiber system. The VHS video images were copied to a
Betacam tape format to improve the ability to obtain high definition frames for analysis. A commercially available photo manipulation and analysis software package was used.
There were three effective heights to the liquid level that were used in the image analyses.
The highest level for the helium was during Runs 4 and 5 (x/L = 0.5, 14 in. below the lid), the lowest in runs 1 to 3 (x/L = 0.786, 22 in. below the lid), and in the intermediate height during runs 6 and 7 5 (x/L = 0.571, 16 in. below the lid). Three different baseline sizes for the overall image area (representing the entire free surface helium in the dewar) were used. The specific particle sizes were then measured, and the ratio of the two, with the overall dewar surface area, is used to compute the particle size.
Particle sizes
The solid hydrogen particles were analyzed by digitizing the video images, and measuring the sizes of the particles.
The particle size measurements were corrected for the actual size of the particles using these equations:
area, particle = (area, dewar/pixels, dewar) x pixels, particle where: area, particle = area, dewar = area of the particle (nllTl 2) area of the dewar free surface (mm 2) NAS A/TM_2002-211297pixels, dewar = number of pixels in the imaged free surface pixels, particle = number of pixels in the imaged particle
At the beginning of and during each run, a variety of individual particles are measured.
The smallest of the particles is identified, as well as a representative set of other larger particle sizes. Figure 4 illustrates a typical image from the analyses. The circle encompasses a small set of hydrogen particles that have agglomerated.
Figures 5 and 6 provide the particle sizes. Overall, the initial formed particles were 1.9 mm to 8 mm (0.075 to 0.315 in. ) in diameter. These particles were the smallest particles that formed during the initial freezing of the hydrogen.
In this testing, no control was placed on the particle formation, other than the helium and hydrogen temperature and pressure and the flow rate of the hydrogen.
The simple freezing process is somewhat random, and the particles will vary in size simply due to the random breakup of the stream of hydrogen that fell onto the helium during the freezing process. The other measurement variation of the particles from the video images that occurred was that all of the particles were not perfectly spherical or elliptical, thus an effective circular diameter, based on the particle area was calculated. These initial particle sizes were later used to estimate the thickness of the hydrogen layer that formed on the helium surface. At the end of Run 7, the particles that had compacted were agitated to break up the agglomerate.
The newly formed particles tended to cover a much greater area, and almost formed a gel structure across the liquid helium surface. Figure 9 The thickness of the hydrogen layer was estimated based on the observed diameters smallest particles that were observed during the beginning of an individual run. Figure 10 illustrates the assumptions about the hydrogen layer thickness. The smallest diameter particles were measured during the first few minutes of the run. The largest and smallest individual particles that were found during the beginning of the run were used as the thickness of the hydrogen layer. In observing the solid hydrogen, it was found that the particles tended to agglomerate after the initial freezing process, but the particles were easily distinguished as separate entities during the agglomeration process.
The density of helium and hydrogen are sufficiently different that all of the hydrogen NASA/TM_2002-211297particles floatonthehelium surface. Nolarge "icebergs" ofhydrogen arecreated inthe freezing process.
Twodensities were used forthesolid hydrogen: 7.7x10 -5and9.0x10 -5g/mm 3(77and 90kg/m3). These data were obtained from Refs. 13to16.Avariation inthedensity was considered, assome oftheparticles maynotbe of auniform density. Also, thedensity ofthe solidhydrogen may increase withtime(Ref.14) withlonger exposure tocryogenic temperatures. Thevariation inparticle size, andtherefore thethickness ofthehydrogen layer isespecially interesting forRuns 1to3. Larger particles were formed in Run1,butsmaller particles were able toformin Runs 2and3. InRuns 4 to7,the particles didtend tobelarger astimeprogressed, andthismay beduetosome clumping ofthe solidhydrogen astimeproceeds.
OBSERVATIONS
Precise knowledge of the hydrogen layer thickness was difficult to achieve. The particle sizes of the hydrogen were somewhat random.
The variation in the solid hydrogen mass estimate was due to the uncertainties in the thickness of the hydrogen layer and the hydrogen density. More precise knowledge of the hydrogen density over time is needed.
Additional higher resolution imaging of the hydrogen on the surface and at the surface level can provide important information to solve this difficulty.
As the particles were agglomerating, some of the particles tend to stick together more tenaciously, and others rolled in the liquid helium, and only lightly osculated with the other large agglomeration.
Sometimes, this motion persisted, and the area of the agglomerate varied from minute to minute, making a perfect measurement more difficult.
Breaking up the particles was typically easy to accomplish.
The pressure was reduced in the dewar to several psi less than atmospheric pressure, and the particles readily dispersed.
Once the vacuum was turned on, and the particles were forced to separate, we saw the larger agglomerates or clumps, and some of these particle clumps persisted in a larger size.
The small area that creates nucleate boiling will make the particle move in random motions, and prevent a quick agglomeration if there is only a small mass of hydrogen on the surface.
There is a bright spot in the middle of the image for only the initial Runs 1 to 3. There was a localized nucleation site at the bottom of the dewar, that created a miniature boiling bubble stream, looking like a "tornado," which reflected light directly back to the camera. During Runs 4 to 7, when the surface was quiescent, the reflected light appeared due to the polished dewar surfaces.
In some cases, there seemed to be a cloud of hydrogen or helium above the liquid free surface, which complicated the image analyses. These clouds took on twodistinct forms. The first was simply a cloud of hydrogen that occurred because of the high flow rate into the dewar.
Thiscloud dissipates as the hydrogen temperature drops, and the gas freezes, or goes NASA/TM--2002-211297upthevent fromthedewar. Thesecond cloud is morefascinating, asit persists above thehelium surface, butonlyunder some specialized and, at least withthistesting, mostly unreproducible conditions.
A sheen orbrightening ofthehydrogen surface occurs when additional hydrogen is dropped directly ontothepreexisting solid hydrogen fromaprevious run.Thisbrightening islikelytobeverytinyparticles that have formed onthepreexisting solidhydrogen, depositing fromthegasphase. Such tiny particles were rarely seen, buttheir effect maybe important andmust beaccounted forin future experimental planning.
Intheformation ofthesolidhydrogen particles, there were several rules ofthumb that allowed better visualization ofthesurface. The quiescent surface ofthehelium allowed forthe best visualization. Anycontamination ofthe dewar surface created nucleating sites, which led tobubbles thatcanreflect lightand obscure the particles. Subsequent testing in2001 used a small aluminum cone todiffuse the'light from theoptical fibersystem, preventing anyfurther glare orreflections.
Themass flowrateofliquidhydrogen to formsolidhydrogen must besmall enough to prevent clouding ofthefieldofdewar during a run. These clouds arevaporizing hydrogen, and thevapor maylead toinefficient hydrogen production. Acontinuous flowprocess where thehydrogen iscarried away fromtheliquid hydrogen dropzone wouldlikelybeagood engineering solution andmake foranefficient future production scheme.
Newtesting that wasrecently completed in 2001showed other ways tocreate very tinysolid particles, withcondensation ofhydrogen gas. Thisformation process however, may bemuch more costly (much more helium required to freeze gaseous hydrogen) thanusing liquid hydrogen. Inthesubsequent solid hydrogen testing conducted in2001, it appeared that tiny particles wereobserved freezing onthewalls, andthenslumping intotheliquidhelium. In other cases, thetinyparticles appeared to scintillate, and in some cases appear tobe microscopic. Theparticle created chains and "concatenated" intostrings, andcurled upinto tightballs of solid hydrogen. Analyses ofthese data will nodoubt findmorepreferred solutions forparticle production.
CONCLUSIONS
Using video images from hydrogen freezing experiments, solid hydrogen particle sizes and the total masses of solid hydrogen were measured. The smallest particle sizes found in the experimentswere from 1.9 to 8 mm (0.075 to 0.315 in.) in diameter. After allowing the particles to agglomerate, the new complete agglomerate is typically a loose collection of the smaller particles, and is easily dispersed.
Compaction and expansion of the agglomerate implied that the particles remain independent particles, and can be separated and controlled.
At the end of Run 7, the particles that had compacted were agitated to break up the agglomerate.
The newly formed particles tended to cover a much greater area, and almost formed a gel structure across the liquid helium surface. This new more filamentous structure for the particles persisted until the end of the run. The effective agglomerate diameter increased from 118.7 mm to 139.1 mm. This showed that the particles will break up into their smaller original constituents, and are largely able to remain independent entities.
The total masses of solid hydrogen created were from 0.22 to 7.9 grams. The data presents a matrix of sizes from each run, as the precise hydrogen density and particle size (and the hydrogen layer thickness) is not known. Run 1 produced about 0.22 to 0.421 grams of solid hydrogen. By Run 3, the total mass of solid hydrogen produced 1.6 to 3.6 grams. At the end of Run 7, the total mass of hydrogen was 2.34 to 7.9 grams.
CONCLUDING REMARKS
Many researchers have investigated the formation of solid hydrogen particles. Additional research conducted with solid hydrogen (Refs. 17 to 32) has pointed to many ways of creating particles that are acceptable for fusion energy research, and many other applications.
The precise control of the formation process will be needed for storing atomic species in the solid hydrogen particles.
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Theformation andsizeoftheparticles in this testing were notcontrolled, save forthecontrol oftemperature andpressure. However, thesize variations ofthesmallest particles seem tofall withintheneeded sizeforsolidparticle feed systems: 1.9to8mm(0.075 to0.315 in.) diameters. Thisobservation bodes wellfor lower cost hydrogen particle production.
Solid hydrogen andatomic propellants have apossible future notonlyforrocket propellants, butenergy storage onEarth aswellassystems to assist Humankind's efforts toexplore andone dayestablish human bases andmore permanent footholds intheOuter Solar System. Ofcourse, ourcurrent abilities tostore atoms in solid hydrogen arelimited withonlyafraction of 0.1wt. %beingstored. Foreffective propulsion, wemust have from15-and50-wt. %ofstored atoms. Hopefully withtime, ourabilities to manipulate matter andunderstand thebasic nature ofatomic species will catch upwithour propulsion visions and imaginations, andmake possible thefantastic potential foratomic rocket propellants. Doklady, vol.227, Mar. 11,1976 , p.407-410. InRussian. Mar.11, 1976 23,pp.3317, (Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki, vol.63,Aug.1972 , pp. 401-406.) Soviet Physics -JETP, vol.36,Feb. 1973 31)Hardy, W.N., Klump, K.N.,Schnepp, O., Silvera, I.F."Optical Phonons InSolidHydrogen AndDeuterium InTheOrdered State," Phys. Rev. Letters, Vol.21,No.5,July29,1968. pp.291-294. 
